Introduction
The concentration of intracellular free calcium ion ([Ca2 ] ) regulates vital functions in many cell types, and its regulation is a subject of great interest (Campbell, 1983 In the past, the two most popular calcium precipitants have been the oxalate or antimonate anions (Wick and Hepler, 1982; Caswell, 1979 Wilkinson, 1972; Klein et al., 1972; Bulger, 1969; Komnick, 1962 et al., 1984; Suematsu et al., 1984; Streb et al., 1983) .
The third site is in large, clear acidic vesicles known to move out to the cortex after fertilization but whose function is at present unknown (Fisher and Rebhun, 1983 tamed by intracoelomic injection ofKCl, but the semen was collected and stored "dry" at 0-5C.
Two-Step Fixation Protocol
Preparation ofFluoride and Chloride
Salts. The tetrabutyl ammonium salt was used directly as supplied by Aldrich Chemicals.
A 1 M N-methyl-D-glucammonium fluoride stock was prepared by dissolving the N-methyl-D-glucamine in a minimal amount ofdistilled water. The pH must be stable at 8.0, which may require several hours to complete the titration. (c) The solution was stored at 0-4'C overnight.
The following day the pH was checked to make sure it was 8.0-8.2, and then the solution was either centrifuged for 1 hr at 10,000 rpm on a Sorvall rotor for 1 hr or filtered several times through Whatman no. 50 filter paper. (d) The pH ofthe solution was then adjusted upward with KOH until stable at 8.5. The osmium-antimonate fixative was then prepared by mixing two parts antimonate solution with one part 0.4 M potassium acetate (pH 8.5) and one part 4% osmium tetroxide solution. An important precaution is to make sure that the antimonate solutions have reached equilibrium and do not precipitate on standing, since otherwise a large amount of background precipitate is formed. This is usually accomplished by the protocol above.
Fixation of Sea Urchin Eggs
Thermanox coverslips were coated with 1 mg/mI poly-Lrlysine solution, rinsed in distilled water followed by sea water, and the eggs made adherent to 
three parts of solution
A were added to one part of solution B to make the final fixative. All solutions were cooled on ice and the stability (in terms o(danity upon standing) of the solution was noted.
If precipitation occurred at this point, the solution was again allowed to come to equilibrium and refiltered so that it was stable during the period of fixation.
Fixation
Eggs were adhered to poly-irlysine-coated plastic coverslips, drained of sea water, and immersed directly in the ice-cold "one-step" osmium fixative as prepared above. Fixation was for 1 hr on ice. After fixation, the coverslips were removed and rinsed in 50 mM HEPES, pH 8.5. The dehydration and embedding steps were then carried out as described above.
Fixation of Sperm
Semen was fixed directly, as a control, or added to 1 ml of sea water conraining egg jelly. The sperm were pelleted from the sea water by centnifugation in an Eppendorf microfuge for 2 mm. The sea water was then removed and fixative added. Sperm were fixed for 1 hour on ice, washed, and processed through the dehydration and embedding sequence as above. As a test for the ability to resolve Ca Ka versus the SbL lines by peak subtraction, the Kevex peak stripping routine was first used with the standards. In one memory bank, a calcium antimonate standard was accumulated. Windows were determined for the antimony K line, 690 electron volts (cv) wide and centered at 26,380 cv. A second spectrum was then ac- Analysis of intracellular antimonate deposits was carried out in a similar manner. The cellular deposits were much smaller, however, and had a much lower signal-to-noise ratio. Accordingly, backgrounds were subtracted from both standards and samples before determining counts in the antimony K window. It was also not feasible to accumulate as many counts in the SbK window from the sample as from the standard, so that a ratio As seen in Figure  1A , no endogenous precipitate is formed under these conditions, and although contrast is low preservation is adequate to identify major structures in the egg. Figure  lB shows an egg fixed with 1% glutaraldehyde in N-methyl-D-glucammonium chloride containing oxalate, followed by osmium fixation, also in the presence ofoxalate.
Photography
As seen, there is no discernible difference between the eggs fixed in the prosence ( Figure  1B ) or absence ( Figure  1A ) of oxalate.
If cells are fixed first in glutaraldehyde-glucammonium chloride (no calcium precipitant) followed by osmium-antimonatepotassium acetate, a large amount of precipitate is formed in the egg( Figure   1C ) but the precipitate is distributed randomly. Finally, eggs were fixed in glutaraldehyde containing 10 mM potassium oxalate and then in 1% osmium fixative containing potassium antimonate and potassium acetate ( Figure  1D ), a procedure similar to that of Shaw and Morris (1980) . In these eggs, the initial exposure to oxalate did not alter the distribution of antimonate precipitate from that seen in Figure  1C . Fixation directly in os- Figure   3A ), tubular membrane system ( Figure  3B) , and a calcium peak free of magnesium in the clear vesicles ( Figure  3C ). Clear areas of cytoplasm containing no precipitate reveal a minor magnesium peak along with the background copper (grid) and osmium (fixative) X-ray peaks ( Figure  3D 
identical-sized spot in the cytoplasmic matrix gives no calcium peak ( Figure  SB ).
When eggs fixed in glutaraldehyde-fluoride are post-fixed in osmium-antimonate ( Figures  6 and  7) , the antimonate deposits form with the same pattern of localization as seen for oxalate in Figure 4 and for fluoride in Figure  2 . Therefore, deposits are found in the lumen of the tubular membranes, the large vesicles, and the cortical granules. Energy-dispersive X-ray analysis ofthe deposits in the tubular membrane system shows a strong antimonate signal from these deposits ( Figure 8A ) and a barely detectable magnesium signal. Dense granules can occasionally be seen in the mitochondna, but they are not due to antimonate or calcium precipitates and are present even when calcium precipitants are not used during fixation.
X-ray microanalysis of these mitochondrial granules in eggs fixed using the antimonate exchange protocol is shown in Figure  8B . As can be seen, no antimonate or calcium peak is de-
tectable.
A detectable antimonate signal is also absent from the cytoplasmic matrix ( Figure  8C ). Figure 5 . Upper X-ray spectrum was taken from the deposits in thetubular reticulum in cells shown in Figure 4 . A clear calcium X-ray peak can be detected from deposits in the tubular endoplasmic reticulum. Lower X-ray spectrum was taken from a cytosolic region of the egg shown in Figure 4 . No calcium X-ray peak was detected in the cytosol. 
One-step Osmium-Fluoride Fixation Approaches
The previous results appeared to be a clear improvement over earlien methods, but it was not certain that these were the best results that could be obtained.
Ibr Finally, it was found empirically that the same results could be obtamed whether the cell was exposed to fluoride first and then to antimonate or to a fixative containing both ions simultaneously. Figure  12) . The presence of calcium in the precipitate is indicated by energy-dispersive X-ray analysis. Spectra taken from within the sarcoplasmic reticulum ( Figure   13A) show the presence of a large calcium peak, whereas calcium is barely detectable outside the SR ( Figure  13B) . It thus appears that fluoride can give reasonably good calcium localization in rabbit skeletal muscle. Virtually identical results were obtained using primary explants of embryonic chick skeletal muscle. Another test was to fix sea urchin sperm before and after the acrosome reaction.
The acrosome reaction induces an uptake of calcium into the sperm mitochondnia, which has been demonstrated both by physiological measurements (Lee et al., 1983; Schackmann et al., 1981 Schackmann et al., , 1978 and by ultra-rapid freezing and X-ray microanalysis (Cantino et al, 1983) . Therefore, ifthe method is reliable and adequately sensitive there should be an absence of precipitate in preacrosome-neacted sperm and the appearance of mitochondnial precipitate in post-acrosome-reacted sperm.
The results, which fit this expectation, are shown in Figures 14 and 16 . In Figure 14 , sperm were fixed in 1% glutaraldehyde containing tetnabutyl ammonium fluoride followed by 1% osmium tetnoxide containing potassium fluoride. The induction of the acrosome reaction led to the appearance ofcalcium-containing precipitate in the sperm mitochondna. Energy-dispersive X-ray spectra from this sample are shown in Figure  15 . Figure  16 shows the same experiment, except that sperm were fixed directly in osmium using the one-step protocol described above. Figure  16A is a section of pre-acrosome-reacted sperm and Figure  16B shows post-acrosome-reacted sperm.
Discussion
The results presented here indicate that oxalate and antimonate are inadequate agents in themselves for localization of intracellular calcium, but that some success can be obtained using fluoride.
The poor results obtained using oxalate or antimonate, which we and others typically find, have led many to believe that it is impossible to obtain any accurate information about the intracellular distnibution of calcium using a chemical localization procedure. It Figure 7 . Higher magnification view of eggs processed as in Figure 6 . Note the extensive tubular reticulum filled with precipitate underneath the cortical granules.
Original magnification
x 21,000. Bar = 1 pm. Figures 6 and 7. (A) X-ray spectrum of deposits in the tubular reticulum. Calcium peaks overlap with the antimonate peaks and positive identification of calcium was therefore not directly possible using this procedure. Calcium peaks can be resolved by peak subtraction methods shown in Figure 9 . (B) X-ray spectrum from the mitochondna, which shows no evidence of calcium or antimonate precipitate in these organelles despite the presence of dense granules.
These granules are probably similar to the osmiophilic mitochondrial granules observed by Saetersdal et al. (1977) (1985) have shown that a micnosomal calcium-sequestering system releases calcium when exposed to inositol 1,4,5 trisphosphate (IP3).
It is known that sea urchin eggs release 1P3 at fertilization and that Figure 11 . Rabbit skeletal muscle was fixed using 1% glutaraldehyde, 100 mM tetrabutyl ammonium fluoride, and 25 mM HEPES, adjusted to pH 7.2 with NaOH. It was necessary to stain these sections lightly with phosphotungstic acid in order to see any cytologic detail in the muscle besides the precipitate. The fluoride precipitate can be seen as the dark regions between the sarcomeres, and is especially prominent in the region of the Z-disc. Original magnification x 22,000. Bar = 1 pm. 51it :'J. #{149}54 S.
. , S #{149}t::.'-' Figure 12 . Sections of rat skeletal muscle containing calcium fluoride precipitates were exposed to a solution of EGTA at pH 80. As shown, all the precipitate is removed by this procedure.
Original magnification x 27,000. Bar = 1 pm. . . ,,..' . Here a large calcium X-ray peak is detected.
(B) X-ray spectrum taken from a region in the middle ofthe sarcomere, approximately in the I-band. Here calcium is possibly detectable, although the signal is barely above the noise.
vation and contrast to identify intracellular organdIes. Furthermore, the studies reported here show that it faithfully reports the distni- Although a small amountof scattered background precipitate is obtained because of the presence of calcium and magnesium in the external medium, the mitochondria are for the most part devoid of detectable precipitate.
In the lower panel is a field of sperm fixed 4 mm after induction ofthe acrosome reaction.
Many Figure 16 Changes in sperm mitochondrial calcium were also detected using the onestep protocol described in Materials and Methods and shown here for comparison. Sperm werefixed before (A) and 4 mm after (B) the acrosome reaction. As shown, the mitochondria of unreacted sperm contain no precipitate, whereas after the acrosome reaction many mitochondrial deposits are evident.
Original magnification x 12,000. Bar = 1 pm.
